Abstract. Tumor hypoxia has been recognized as a characteristic of the tumor microenvironment and promotes metastasis in a variety of types of cancer. However, in lung cancer, the role of hypoxia-inducible factor 1α (HIF-1α) in modulating the cellular response to the inflammation-related microenvironment remains unclear. In the present study, enhanced expression of HIF-1α accompanied by an increased ROS level was observed in lipopolysaccharide (LPS)-stimulated nonsmall cell lung cancer (NSCLC) cells. In addition, propofol, a general anesthetic, was found to significantly reduce the LPS-induced upregulation of HIF-1α and ROS in a dosedependent manner. Further study showed that propofol may antagonize the role of LPS in activating HIF-1α through attenuating the protein stability and nuclear localization of HIF-1α. Moreover, knockdown of HIF-1α attenuated expression of mesenchymal marker, vimentin, but promoted the expression of epidermal marker, E-cadherin, in the LPS-treated NSCLC cells. Notably, LPS-induced epithelial-to-mesenchymal transition (EMT) was notably suppressed by propofol treatment. Consistently, a wound healing assay revealed that propofol abrogated LPS-stimulated migration of NSCLC cells while overexpression of HIF-1α reversed the effects of propofol. Similarly, we investigated the influence of propofol on the invasive capability of NSCLC cells. Western blot and RT-PCR analyses indicated that both knockdown of HIF-1α and treatment of propofol attenuated the LPS-activated expression of MMP2 and MMP9 which are necessary for tumor invasion. However, results from the Transwell assay confirmed that propofol also suppressed cell invasion by decreasing HIF-1α expression in the LPS-treated NSCLC cells. Analysis of clinical specimens demonstrated abnormal expression of HIF-1α in NSCLC tissues and a poor prognosis in patients with elevated HIF-1α expression. Thus, the present study suggests a potential strategy for NSCLC by targeting HIF-1α.
Introduction
The inflammation-associated tumor microenvironment has been demonstrated to promote the aggressiveness of many types of cancers. However, the underlying mechanisms have not been well described. Previous studies have shown a correlation between the inflammatory microenviroment and tumor hypoxia which confers a worse prognosis as well as chemotherapy resistance (1, 2) . In lung cancer, hypoxia is positively correlated with an increased risk of tumor relapse (3) . Lipopolysaccharides (LPS), an integral constituent of the outer cell membrane of gram-negative bacteria, induces systemic inflammation that results in the increase of a variety of inflammatory factors and production of reactive oxygen species (ROS) (4, 5) . In addition, other studies have reported that LPS displays potent effects on tumor invasion and metastasis (6) . In the present study, we investigated the roles of an important hypoxia-activated modulator, hypoxia-inducible factor 1α (HIF-1α), in LPS-induced hypoxia of non-small cell lung cancer (NSCLC).
HIF-1 is a heterodimer composed of 2 subunits, HIF-1α and HIF-1β. HIF-1β is constitutively expressed while the level of HIF-1α protein depends on different physiologic conditions (7) . Therefore, the HIF-1α level determines the transcriptional activation and functions of HIF-1α in response to different oxygen levels. In normoxia, degradation of HIF-1α by ubiquitination and proteasome leads to suppression of the conformation of the HIF-1 complex. However, under hypoxic conditions, degradation of HIF-1α is inhibited and nuclear accumulation of HIF-1α results in the formation of active HIF-1 transcription factors with HIF-1β (8) . Abnormal expression or activation of HIF-1α has been reported in many solid tumors including breast and colorectal cancer, and hepatocarcinoma (9) (10) (11) . However, the role of HIF-1α in the tumor progression of lung cancer is still controversial.
Propofol (2,6-diisopropylphenol) is one of the most commonly used intravenous anesthetic agents during surgery. Notably, evidence suggests that propofol possesses antioxidant properties and suppresses the inflammatory process both in vitro and in vivo (12, 13) . However, other studies have shown that propofol has an influence on the proliferation, motility and invasiveness of cancer cells (14, 15) . More and more studies have indicated a potential antitumor property of propofol. Previous studies have shown that propofol can induce the apoptosis of human leukemia cells and inhibit pulmonary metastasis of osteosarcoma cells (14, 16) . Consistently, propofol also suppresses the invasion and migration of lung cancer cells (17) . Nevertheless, the mechanisms underlying the antitumor effects of propofol are not yet available.
In the present study, we examined the effects of propofol on LPS-induced migration and invasion of NSCLC cells. Moreover, we found that propofol inhibited the aggressive capabilities of NSCLC cells partly through decreasing the expression of HIF-1α which is induced by inflammatory hypoxia.
Materials and methods
Cell culture. Human lung adenocarcinoma cell line A549 was purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in RPMI-1640 medium suppplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, uSA), 100 mg/ml streptomycin and 100 Iu/ml penicillin in a 5% CO 2 atmosphere at 37˚C.
Chemicals and reagents. LPS (from Escherichia coli 0111:B4)
was purchased from Sigma (St. Louis, MO, uSA) and stored in a stock solution of 1 mg/ml. various concentrations of LPS in the experiments were diluted with serum-free culture medium. Propofol was obtained from Sigma-Aldrich (St. Louis, MO, uSA) and diluted in dimethyl sulfoxide (DMSO) for in vitro experiments. Subsequent concentrations of propofol were diluted with culture medium when used. The following antibodies were used in the western blotting or immunohistochemistry (IHC). Antibodies to E-cadherin, vimentin and GAPDH were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, uSA). Antibodies to MMP2 and MMP9 were purchased from Cell Signaling Technology (CST; Beverly, MA, uSA). Antibody to HIF-1α was purchased from Abcam (Cambridge, uK).
Plasmids and siRNAs. pGL3-HRE plasmids containing 3 repeated hypoxic response elements (HREs) in the promoter region were constructed from pGL3-basic plasmids. HIF-1α siRNAs were purchased from Santa Cruz Biotechnology, Inc. PcDNA3.1-HIF-1α and HIF-1α siRNAs were transfected using Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, uSA) according to the manufacturer's instructions.
Quantitative real-time PCR. Extraction of total RNA was performed with RNAiso™ Plus reagent and further reversetranscribed using a PrimeScript™ RT reagent kit (both from Takara, Tokyo, Japan). SYBR-Green mix (Roche) was used to carry out quantitative PCR according to the manufacturer's instructions. β-actin served as a loading control.
Western blotting. The whole cell protein was obtained with cold cell lysis buffer and the total protein concentration was measured using the Bradford protein assay (Bio-Rad, Hercules, CA, uSA). Equal amount of protein was separated on 8-12% SDS-PAGE gel and transferred to a nitrocellulose membrane. The membrane was blocked with 5% milk and then incubated with primary antibodies at 4˚C overnight. Next, the membranes were incubated with appropriate secondary antibodies at room temperature for 1 h. IRDye ® 800CW-or IRDye ® 680-conjugated secondary antibodies were used for staining and then the proteins were detected using an Odyssey ® infrared imaging system (both from LI-COR, Lincoln, NE, uSA).
Immunofluorescence microscopy. The cells were washed with cold phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde. After incubating with primary antibodies, the cells were stained with the fluorescein isothiocyanate (FITC) or tetramethylrhodamine (TRITC)-conjugated secondary antibodies. 4',6-Diamidino-2-phenylindole (DAPI) was used for nuclear staining. At least six randomly chosen fields of view were counted, with each experiment performed in triplicate, and at least 100 total cells were examined in each experiment.
Luciferase reporter assay. A549 cells were plated onto 24-well plates. The next day, the cells were co-transfected with 0.5 µg firefly luciferase reporter constructs and 0.01 µg pRL-SV40 Renilla luciferase reporter plasmids (Promega, Madison, WI, uSA). The pRL-Sv40 plasmid was used to normalize the transfection efficiency. Two days after transfection, the cells were lysed and the luciferase activities were measured using a Dual-Luciferase Reporter Assay System (Promega) and a luminometer (LB9507; Berthold, Bad Wildbad, Germany). All experiments were carried out in triplicate.
Wound healing assay. A549 cells were plated at a density of 1x10 6 cells in a 35-mm culture dish and incubated at 37˚C. The next day, a scratch in the form of a lane was made through the confluent monolayers with a sterile white pipette tip. Thereafter, the A549 cells were treated with LPS or propofol. Images of the views for assessment of the cell migration ability at 24 h after scratch were captured. The wound was evaluated using ImageJ.
Transwell migration assay. A549 cells were seeded on Matrigel-coated membrane inserts with a pore size of 8-µm (BD Biosciences, San Diego, CA, uSA) in the presence of serum-free medium. The complete medium with or without LPS and propofol was placed in the lower wells of the chamber system. After incubation for 48 h, the undersurface adherent cells that had invaded through the Matrigel were fixed in methanol and stained with 0.5% crystal violet. The air-dried filter membrane was viewed under a microscope and 4 random fields were selected for cell counting.
Detection of ROS generation. Nicotinamide adenine dinucleotide phosphate oxidase-dependent ROS generation was analyzed by a luminometric assay as previously described (18) .
IHC. NSCLC tissue specimens (n=187) were collected from 2005 to 2010 from the First Affiliated Hospital of Soochow University (Suzhou, China) (n=127) and the First Affiliated Hospital of Wenzhou Medical university (Wenzhou, China) (n=60). Informed consent was obtained from all patients, and the study was approved by the Institutional Review Board of the First Affiliated Hospital of Soochow University and the First Affiliated Hospital of Wenzhou Medical University. All specimens were fixed in 10% neutral formalin, embedded in paraffin and cut into 4-µm sections for immunohistochemical staining. The Envision™ two-step method was used (Dako, Hamburg, Germany), as well as the antibody against HIF-1α. To estimate the score for each slide, at least 10 individual fields at x200 were chosen, and 100 cancer cells were counted in each field. The immunostaining intensity was divided into 4 grades: 0, no expression; 1, mildly positive; 2, moderately positive; and 3, markedly positive. The proportion of positivestaining cells was divided into 5 grades: 0, <10%; 1, 11-25%; 2, 26-50%; 3, 51-75%; and 4, >75%. The staining results were assessed and confirmed by 2 independent investigators blinded to the clinical data. The percentage of positivity of the tumor cells and the staining intensities were then multiplied in order to generate the IHC score, and were graded as 0-3, negative (-); 4-6, positive (+); 7-9, strongly positive (++); and 10-12, very strongly positive (+++). Cases with a discrepancy in scores were discussed to obtain a consensus.
Statistical analysis. The software SPSS 13.0 and GraphPad Prism 5 were used in the statistical analyses. Group distributions were performed with the Student's t-test or one-way analysis of variance. A value of P<0.05 was considered to indicate a statistically significant result.
Results

Aberrant high expression of HIF-1α in clinical NSCLC tissues indicates a poor prognosis.
To examine the levels of HIF-1α mRNA in clinical specimens, we investigated lung cancer microarray data sets on Oncomine and found higher HIF-1α mRNA levels in lung adenocarcinoma when compared with normal lung tissues ( Fig. 1A and B) . Kaplan-Meier overall survival curves indicated that low expression of HIF-1α in lung cancer tissues was significantly associated with a better overall survival rate. 'Low' or 'high' HIF-1α level was defined according to its cut-off value, which was defined as the median value of the cohort of patients tested; P<0.05 by log-rank test.
compared with the normal lung tissues (Fig. 1C) . Further analyses showed that the HIF-1α staining was positively correlated with tumor size, lymph node metastasis, differentiation status and tumor-node-metastasis (TNM) stage (P<0.05) but not with gender, age and histological type (P>0.05) (Table I) . Moreover, the 5-year overall survival (OS) rate of the HIF-1α high expression group was significantly lower than that of the HIF-1α low expression group (18.28 vs. 34.04%; P=0.0001) (Fig. 1D) . These data suggest that HIF-1α exhibits aberrant high expression in NSCLC tissues, which is involved in cancer progression and metastasis, and indicative of a poor prognosis.
Expression of HIF-1α is upregulated by LPS but downregulated by propofol in NSCLC cells.
Considering that a close relationship between expression of HIF-1α and severe inflammation is observed in colorectal carcinoma cells, we aimed to ascertain whether LPS stimulation leads to induction of this transcriptional factor in NSCLC cells. Exposure of A549 cells to different concentrations of LPS caused a dose-dependent accumulation of HIF-1α at both the mRNA and protein levels, which confirms that LPS-induced pro-inflammation triggers the upregulation of HIF-1α expression ( Fig. 2A-C) . As an inflammatory indicator, LPS-induced ROS production in NSCLC cells was also found to be observantly increased along with LPS addition (Fig. 2D) . To further examine the effect of propofol on LPS-activated HIF-1α expression, co-intervention experiments were carried out with increasing concentrations of propofol and HIF-1α inducer, LPS. The results showed that HIF-1α expression promoted by LPS in the NSCLC cells was attenuated following treatment with propofol in a dosedependent manner (Fig. 2E-G) . Consistently, LPS-induced ROS generation was also abrogated by propofol which suggests its function as an antioxidant agent and inflammatory suppressor (Fig. 2H) .
LPS-induced protein stability and nuclear accumulation of HIF-1α is attenuated by propofol.
To understand the regulatory mechanisms of HIF-1α under inflammatory conditions, we assessed the half-life of the HIF-1α protein after the indicated treatments. The results showed that the HIF-1α protein in the LPS-treated group had a much shorter halflife than that noted in the control group, while the half-life of HIF-1α in the LPS and propofol double-treated group was decreased ( Fig. 3A and B) . Moreover, translocation of HIF-1α from the cytoplasm to the nucleus was observed in the NSCLC cells after LPS stimulation. As expected, propofol significantly weakened the effect of LPS on subcellular distribution of HIF-1α ( Fig. 3C and D) . Consequently, propofol suppressed the LPS-induced transcriptional activity of HIF-1α in the NSCLC cells (Fig. 3E) . Notably, we found that the expression of EMT-transcription factors (EMT-TFs) were upregulated by LPS, whereas propofol suppressed the upregulation of the EMT-TFs (Fig. 3F ). In conclusion, propofol inhibits the expression of HIF-1α-targeting genes which are promoted by LPS via regulating the protein stability and subcellular distribution of HIF-1α in NSCLC cells. (19, 20) , we sequentially analyzed the expression of two EMT markers, E-cadherin and vimentin in the NSCLC cells after LPS stimulation. Our findings revealed that the expression of E-cadherin was significantly downregulated in the LPS-treated group compared to that noted in the control, while vimentin expression was substantially increased (Fig. 4A and B) . To further confirm the effects of propofol on LPS-induced EMT, LPS-stimulated NSCLC cells were co-treated with propofol and the expression of EMT markers was measured. As expected, propofol reversed LPS-induced EMT, causing re-induction of E-cadherin and suppression of vimentin expression (Fig. 4A and B) . Considering that propofol reduces the expression of HIF-1α induced by LPS, knockdown of HIF-1α by siRNAs in NSCLC cells was performed under LPS stimulation. The results showed that, similar to propofol, knockdown of HIF-1α significantly blocked EMT activated by LPS (Fig. 4C and D) . Consistently, in a wound healing assay, propofol weakened the LPS-induced Table I . Correlation of the expression of HIF-1α with clinicopathological features of the NSCLC cases. capability of migration in the NSCLC cells ( Fig. 4E and F) . Notably, overexpression of HIF-1α counteracted the inhibitory effect of propofol on LPS-activated migration in the NSCLC cells ( Fig. 4E and F) , which demonstrated that propofol suppressed the LPS-promoted migration of NSCLC cells by decreasing HIF-1α expression.
Propofol impairs LPS-induced migration of NSCLC cells by decreasing HIF-1α expression. Based on previous studies indicating that LPS induces EMT in cancer cells
HIF1α expression -----------------------------------------
Propofol suppresses LPS-induced invasion of NSCLC cells by diminishing HIF-1α expression.
Although several studies have found that LPS could enhance cell invasive capacity in human cancer cells (21) , the underlying mechanisms have not been well illustrated. In the present study, MMP2 and MMP9, two genes related to invasion, were observed to be increased in the NSCLC cells treated with LPS at both the mRNA and protein levels ( Fig. 5A and B) . However, the promotive influence of LPS on expression of MMP2 and MMP9 were largely reversed by co-incubation with propofol in NSCLC cells ( Fig. 5A and B) . Further studies indicated that abrogation of HIF-1α by siRNAs also attenuated the expression of MMP2 and MMP9 activated by LPS treatment in the NSCLC cells (Fig. 5C and D) , which suggests that HIF-1α may play a role as a pivotal target of propofol for inhibiting invasion-related genes. Moreover, the interplay of LPS and propofol on the invasion of NSCLC cells in vitro was evaluated by Transwell assays. The results showed that the acquired ability of invasion in the NSCLC cells stimulated by LPS was partly eliminated by treatment with propofol ( Fig. 5E and F) . Notably, overexpression of HIF-1α rescued LPS-induced cell invasion which was suppressed by propofol ( Fig. 5E and F) . Therefore, it is reasonable to hypothesize that propofol suppressed LPS-activated cell invasion by decreasing HIF-1α expression in the LPS-treated NSCLC cells.
Discussion
Hypoxia-inducible factor 1α (HIF-1α) activation has been demonstrated in cancer progression. Abnormal expression of HIF-1α has been found in a variety of human cancers and is associated with tumor growth, metastasis and poor prognosis (8, 22) . As a hypoxia-dependent transcription factor, HIF-1α regulates the expression of numerous genes involved in angiogenesis, metabolism and proliferation (23, 24) . Insufficient blood supply or inflammation can be one of the reasons for the hypoxic environment during cancer development. Therefore, HIF-1α is an important microenvironment regulator in tumor progression (25) . In the present study, clinical analysis indicated a significant upregulation of HIF-1α at both the mRNA and protein levels in lung cancer specimens compared with levels noted in the normal tissues. Further investigation of overall survival suggested that patients with high HIF-1α expression had a relatively poor prognosis, which confirmed the tumor-promoting role of HIF-1α in lung cancer.
More recent evidence suggests that inflammatory stimuli accompanied by hypoxia can activate HIF-1α during the history of malignant tumors (26) . Thus, to explore the potential mechanisms underlying the elevated expression of HIF-1α in lung cancer, LPS was used to induce an inflammatory response in NSCLC cells. Our findings indicated that LPS treatment notably increased HIF-1α expression as well as the level of ROS in the NSCLC cells. Notably, hypoxia has been shown in previous studies to produce ROS which contributes to stabilizing and activating HIF1 (27) . However, the mRNA level of HIF-1α is also induced by LPS, which implies a complicated regulatory process for HIF-1α in response to LPS. To further study the relationship between LPS-induced inflammation and HIF-1α expression, propofol, an anti-inflammatory agent, was applied to inhibit the cellular response to LPS. As expected, propofol suppressed the upregulation of HIF-1α caused by LPS stimulation in the NSCLC cells. Simultaneously, ROS production generated after LPS addition was also decreased by propofol. Although propofol has been verified to possess antioxidant property (28, 29) , whether propofol inhibits HIF-1α expression by eliminating ROS needs to be further investigated.
In addition to transcriptional regulation, the functions of HIF-1α depend on its protein stability and subcellular localization. under a hypoxic condition, ubiquitination of HIF-1α is suppressed and increased HIF-1α binds to HIF-1β to form the HIF-1 transcription complex (30) . HIF1 then translocates to the nucleus, where it binds to the hypoxic response element (HRE) within the promoters of its target genes (31, 32) . In the present study, LPS was found to enhance the stability of HIF-1α as well as its nuclear localization. Meanwhile, propofol impaired the effects of LPS on HIF-1α regulation. With regard to the promotive effect of ROS on activating HIF-1α, our findings suggested that propofol may disrupt the functions of HIF-1α via antagonizing LPS-induced ROS.
As an anesthetic, propofol is widely used in relieving the pain of patients with chronic cancer as an adjuvant therapy. In addition, our findings suggest that propofol suppresses LPS-activated migration and invasion of NSCLC cells. Momentously, overexpression of HIF-1α restored the capacities of migration and invasion suppressed by propofol in NSCLC cells, which indicates that HIF-1α is a pivotal regulator involved in the antitumor characteristics of propofol. Notably, in breast cancer, propofol was found to reduce MMP expression by inhibiting NF-κB activity (33) . Other evidence revealed that phosphorylated ERK1/2 is markedly reduced after propofol treatment, which leads to apoptosis in lung cancer (34) . Therefore, the effects of propofol on different cancer types involve various signaling pathways and biological processes.
In conclusion, our findings demonstrated that LPSstimulated inflammation enhanced the functions of HIF-1α by increasing the mRNA levels, protein stability and nuclear localization of HIF-1α in NSCLC cells, which led to concomitant increases in markers and mediators of migration and invasion. Meanwhile, propofol treatment suppressed all of those effects and appeared to do so by suppressing HIF-1α. As such, the present study establishes a new mechanistic explanation for the effects of propofol on lung cancer. However, in consideration of the aberrant HIF-1α expression in lung cancer tissues, the present study provides further evidence for the application of propofol in treating patients with lung cancer.
